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Abstract 
An overview of the main issues that arise in the study of hot deformation processes and their theoretical and software tools 
available in CSM are presented with their applications to industrial cases. The overview on methodologies for modelling of 
plastic deformation starts from the more conventional rheological laws, through the implementation of innovative rheological 
laws, the microstructural and mechanical coupling and tailored material characterization and concludes with the presentation of 
recent approaches related to the identification of criteria for the evaluation of the microstructural quality of the finished 
products, such as the porosity closure.  
The applications presented mainly concern the hot rolling of long products and open die forging. 
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1. Introduction 
Hot forming is the key process step to transform the primary cast product (ingot, slab, billet) into semi-finished 
(plates, wire rods, bars) or finished at near net shape products (forged components like rotors, cylinders, blocks). 
During this stage the original cast structure is processed to obtain the desired microstructure. There is a number of 
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requisites that have to be met, some of them related to the casting process (chemical composition, inclusion 
content, cleanliness), others related to the forming process. 
Focusing on the last ones, we can mention as first the shaping, which means to obtain the correct geometry 
within prescribed tolerances by using a repeatable and optimised sequence in the available frame (rolling mill or 
press) with a defined force capacity. The second important point is to guarantee a defect free product, which 
means to have defined a robust process design, including tool shape optimization, working sequence, interpass, 
speed and temperature control to avoid the introduction of surface defects like tearing, folding, undercuts and 
cracks. This is also important for the third aspect, prediction and design of the final microstructure, which has to 
be obtained by controlling the grain evolution all over the hot sequence. Strictly linked to this, we can finally 
recall the need to obtain an internal defect free structure, which means to compact the solidification cavities. 
Finite element modelling is an investigation technique able to support the process design in all of the listed 
points. Commercial user friendly FE codes are well developed and databases on standard properties are available 
to support the FE use. Nevertheless many aspects have to be studied by means of dedicated theoretical approaches 
that have to be implemented into specialised or general purpose codes with the help of special routines.  
In this paper a review on common hot working model application methods with FE commercial code is 
presented through examples. In particular in order to help in identifying the reason of edge cracking during 
roughing rolling of long products, a 3D thermo-mechanical model has been developed taking into account work 
hardening, dynamic recovery and dynamic recrystallization to better simulate the material behaviour during the 
rolling passes. This model, plus an accurate material characterization, allowed to identify the reason of cracks and 
to develop a new roll profile. A fully coupled thermo-mechanical and microstructural model is fundamental in 
open die forging simulations in order to fulfil the final requirements for the product, the understanding and 
prediction of microstructures which develop during deformation processing. Finally, for this type of products, 
voids closure models are needed in order to optimize the process passes from all points of view: shape, 
microstructure and voids closure. 
 
Nomenclature 
d austenitic grain size 
D0 prior austenitic grain size 
Q activation energy 
R Gas constant 
t time 
T temperature 
V remaining volume of voids 
V0 initial volume of voids 
X volume fraction of recrystallized material 
Z Zener-Hollomon variable 
Greek symbols 
 equivalent plastic strain 

  strain rate 
 hardness 
m hydrostatic stress 
VM equivalent Von Mises stress. 
Subscripts and superscripts 
* referred to saturation condition 
0 referred to yield condition 
SRX referred to static recrystallization condition 
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2. Constitutive laws fo hot forming 
Temperature is the main hot working variable and models describing the flow stress evolution along the whole 
hot forming route were early developed (Bianchi, 1998). With the increase of the computational capability, the 
rheological laws have been improved by including viscoplastic laws and finally models based on the variation of 
all forming parameters such as strain, strain rate and temperature and microstructural state of the material. 
Table 1 summarises the flow stress curve models mainly used in hot deformation simulations. These models 
have been widely compared and evaluated with respect to their suitability and accuracy to describe the stress strain 
curves in simulations of cold, warm and hot forming processes, e.g. Meyer et al. (1997). The empirical Eq. (1) and 
(2) in Table 1 allow to describe the flow stress in dependence of the forming parameters strain, strain rate and 
temperature. Model (3) assumes that hot forming is a thermally activated process. Under this assumption, the flow 
stress can be expressed in terms of the Zener-Hollomon’s parameter, describing the combined influence of strain 
rate and temperature by means of an Arrhenius type function. The influence of austenitic microstructure is taken 
into account by empirical equations describing the characteristic strains and the dynamic recrystallisation volume 
fraction. 
Table 1. Summary of constitutive laws used in hot deformation process 
Authors  Equation type  
Hohson et al. (1987) 
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Complex work hardening models could be not present in common FE commercial code, thus three different 
methods to implement them have been set up:  
i) by means of a multidimensional table as proposed by Bianchi et al. (1995, 2002, 2005 and 2013), used here in 
the long product rolling, Paragraph 3;  
ii) by means of a user subroutine to define the yield surface size and hardening parameters for isotropic plasticity 
or combined hardening models, such as UHARD in ABAQUS code or YIEL in MSC.MARC code. This 
approach has been used here in forging models, Paragraph 4  
iii) by means of a user defined material behavior, i.e. YPELA2 in MSC.MARC code and UMATH in ABAQUS 
code as proposed by Bianchi and Urcola (1998) and Barbero et al. (2012).  
3. Long products rolling, edge cracking during roughing of High-Mn steel grade 
In industrial production of High-Mn steel grade billets, deep and diffused cracks are generated along the billet 
corners during early roughing passes at the reversible duo stand. After clarifying that billets were cast without 
defects, a proper material characterization and the process simulation have been carried out in order to identify and 
eliminate the reasons of these defects.  
The numerical simulation has been performed by means of the commercial FEM Code ABAQUS. The 3D 
thermo-mechanical model has been developed accounting for: work hardening, dynamic recovery and dynamic 
recrystallization by means of Eq. (3). This last has been implemented in the FE code following the implementation 
method i), described in Paragraph 2. The 3D coupled thermo-mechanical FEM model of the 6 roughing passes has 
been carried out taking into account also the heat exchange between the rolled piece with the workrolls and to the 
environment. A thermo-mechanical characterization of the rolled steel grade has been carried out by means of 
several compression and tensile tests. 
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The computed product temperatures reached during roughing have been compared with the low ductility 
temperature dominions of the material. These ranges have been identified by the drop of reduction of area 
measured after tensile tests on specimens brought to failure. This comparison shows that billets corners undergo a 
deformation cycle in critical thermal states. Cracking can start with the highest probability during the first two 
roughing passes, where a brittle dendritic solidified microstructure still exists. This is corroborated by results of 
plant tests. These have shown that defects begin to appear during the second roughing pass.  
Some modifications to the groove geometry of the second pass have been designed with the aim of reducing the 
strain related to deformation modes typical of crack opening and FE simulations of this pass with a modified 
groove have been carried out. An example of this attempt is shown in Fig. 1 where spreading mode strain maps are 
compared between the standard case (Fig. 1a) and the case with modified groove geometry (Fig. 1b). This second 
groove profile shows a reduction of spreading deformation for all the billet section while keeping the same area 
reduction ratio. The new groove shape associated with an increase in the billet rolling temperature has been 
implemented in the optimised roughing process obtaining a noticeable reduction in defect development as 
documented by Fig. 1c, where billets (B1 and B2) produced with the initial roll shape are compared with the billet 
(B3) produced with new grove geometry and operating practice. 
 
Fig. 1. Effect of groove profile changes on 2nd pass: (a) initial geometry; (b) new groove profile; (c) billets after roughing: billets B1 and B2 
produced with initial roll shape; billet B3 produced with new groove geometry 
4. Forging  
The open die forging of large products is a very complex process made of a sequence of several forging 
operations like upsetting, cogging, drawing, also including the furnace soaking to reheat the pieces between 
deformation steps. In order to fulfil the final requirements for the product, the understanding and prediction of 
microstructures which develop during deformation processing is necessary. 3D thermo-mechanical and 
microstructural fully coupled forging modelling has been developed at CSM and implemented in the commercial 
FE software MSC.Marc by using special subroutines, allowing the prediction of temperature, strain, grain size and 
pressing loads during open die forging. In order to have accurate predictions from the model it is important to 
adopt proper material models to describe the flow stress and the microstructure. To this scope laboratory 
compression tests have been conducted at the Gleeble with different temperatures, strains, strain rates, post 
deformation holding times to characterize the flow stress, static recrystallization and grain size evolution during 
forging. Hensel and Spittel’s (1978) model, Eq. (2), has been implemented in the YIEL user routine following the 
implementation method ii), Paragraph 2.  
The kinetics of static recrystallization has been implemented in the forging model to study the microstructure 
evolution during the thermo-mechanical route. The kinetics of static recrystallization is modelled by using the 
Avrami type Eq. (4): 
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where t50% is expressed as a function of strain, strain rate, prior grain size, temperature T, and activation energy Qsrx. 
An important feature of the model is the coupling between rheology and recrystallized fraction: the plastic 
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deformation accumulated during forging operations is properly reduced as the recrystallized fraction increases and 
in turn also the flow stress is reduced. The grain size after compression and the grain growth have been 
characterized by using the single compression tests with different post-holding times and the evolution has been 
modelled by proper laws. Other features of the forging model include the heat transfer to air and tools, and friction 
between the dies and the workpiece. A specific investigation has been carried out to verify the emissivity 
coefficient for different materials in order to accurately calculate the heat loss to ambient. To this scope the 
temperature evolution during forging operations for different components and material has been monitored by 
means of an infrared camera. These data has been used to fine tune the emissivity used in the model.  
An example of a forging sequence optimization for a 17 ton ingot has been reported in Fig. 2. Figure shows the 
comparison between a not-optimized drawing sequence (Fig. 2a) and an optimization one (Fig. 2b) in terms of 
plastic deformation. Fig. 2 shows the more uniformly distributed plastic strain for the optimized drawing sequence. 
The prediction of the grain size evolution during forging and the amount of recrystallization is required in order to 
fulfil the final requirements for the product in terms of final austenitic grain size and homogeneity through the 
ingot section. Fig. 3a shows the grain size evolution during drawing operations for different positions through the 
ingot section. The prior grain size has been assumed equal to 250 μm. Fig. 3a highlights the different final 
austenitic grain size obtained in the different positions. Fig. 3b shows the amount of recrystallized fraction 
expressed in %. 
 
Fig 2. Maps of the plastic strain in a transversal section of a 17 ton ingot after a drawing forging step. Comparison between not-optimized 
forging sequence (a) and after optimization of the forging sequence (b). 
 
Fig. 3 Grain size reductions during forging sequence (a) and recrystallized fraction evolution (b). 
5. Void crushing 
The multi-scale problem of the presence of unclosed solidification porosities in large hot forged products has 
been approached with a macro-scale modelling of the forging process, including the local calculation of the so 
called “void crushing” parameter. The basic assumption for the macro-scale approach is that the voids are small 
and do not affect the remote field of stress and strain: consequently, the material is modelled as a continuum and 
the voids evolution is calculated as a function of local values of stress and strain fields. 
The void crushing formulation proposed by Zhang et al. (2009) has been redefined by CSM by FE modelling of 
a cube with a central spherical void (meso-mechanical model) subject to different deformation paths, characterised 
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by different triaxiality conditions at the cube faces. The residual void volume ratio V/V0 or void crushing parameter 
has been calculated and correlated to the remote (i.e.: at the cube faces) stress and strain fields. A new correlation 
of the void crushing parameter as function of triaxiality and plastic strain has been identified and implemented in a 
user subroutine of CSM forging FE model. This has been used for simulating a forging sequence (upsetting step 
followed by cogging to square) of a 150 ton ingot. The maps of the void crushing parameter, reported in Fig. 4, 
show that in the sub cortical zone of ingot any void is still present after the upsetting, Fig. 4a. The subsequent 
cogging operation is not completely effective in closing the voids in that area, Fig. 4b. Other critical parts are the 
two ends of the ingot, where the amount of deformation is not enough to close the voids.  
These results have been used for planning the appropriate end cuts, to ensure that no defective zones are 
included in the final product. 
 
Fig. 4. Maps of the void crushing parameter after upsetting (a) and after cogging (b). Blue colour represents closed voids. Yellow and grey 
represents void volume increase. 
6. Conclusions 
The application of standard and advanced modelling techniques to the solution of industrial criticalities during 
the hot forming has been presented. A special focus has been devoted to the use of combined experimental and 
numerical analysis on materials and products. The main applications presented are hot rolling and forging, with 
special attention to quality aspects like shaping, force prediction, microstructure evolution and internal voids 
closure. The modelling tools developed at CSM demonstrated to have the required accuracy to successfully predict 
the material state during the entire processing route and to help the manufacturer to improve the final product. 
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